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Abstract 
Theoretical and experimental studies on joining thin silver foils by UV nanosecond and picosecond laser radiation were carried 
out for an application-orientated process design. Simulations of energy impact in the material at varying laser pulse energies,
pulse durations and repetition rates were used to examine the feasibility of a laser-based joint of the highly reflective and thin
material. Experimental studies using different laser systems were performed to validate the possibilities of joining thin Ag-foils. 
As a result it was possible to heat up the material using a UV picosecond laser in order to achieve a recrystallization of the grain 
boundaries. 
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1. Motivation 
Photovoltaic energy conversion is the primary power source for satellites in space where individual solar cells 
based on a III-V multijunction technology with efficiencies up to 30 % are used. In order to reach the desired 
operating voltage for the satellite, individual cells have to be connected in series to solar arrays. In a geostationary 
environment this interconnection is subject to high thermo mechanical stresses with a temperature variation of 
-175°C to +80°C. The selection of interconnector geometries and materials is limited, since resistance to cyclic 
fatigue, good electrical conductivity and compatibility with the cell grid material have to be combined. 12.5 μm thin 
Ag interconnectors have emerged as one of the preferred solutions for geostationary arrays. In this fashion, an 
identical material as the cell metallization is used, and no additional plating is necessary. 
The first solar arrays up to around 1970 were joined by soldering technique. With increases in required lifetime 
and environmental loads, reliability issues prompted a switch to resistive welding [1], which is the method in use up 
to now. The connection is realized under the affect of a certain pressure onto the cell and applying a high current 
about several hundred Ampere. Temperatures of around 750 - 950 °C [2] are achieved, being sufficient for a joint 
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recrystallization of interconnector and welding pad. The thermal and mechanical stresses are limiting the cell design 
in accordance to thickness and thermal robustness. 
This technique works well for the current, rigid and 150 μm thick solar cells. The next generation of solar cells 
with an efficiency of more than 30 % will necessarily have to be connected in an ultrathin configuration [3]. It is 
highly probable that this will require a better control of the joining process, both with regard to the mechanical force 
exerted onto the cell as well as the energy introduced. The individual p-n junctions, with sub-micron thickness in 
some cases, must not be degraded during the welding process by exceeding the critical temperature of 700°C. For 
this reason, the suitability of laser welding as a selective heating method was evaluated on the model of a 12.5 μm 
thick Ag connector and a solar cell system. The particular challenge Ag poses in this context is its high reflectivity 
in the visible and infrared wavelength range (> 95 %), its high thermal conductivity of 4.27 W/cmK and its high 
melting temperature of 962°C. 
2. Simulations and Experimental Setup 
2.1. Thermal FEM simulations 
Thermal FEM (finite elements method) simulations using the software Abaqus were carried out to provide 
information about which laser parameters are suitable to realize a junction between a silver contact and a solar cell 
as well as to see how thermal conduction effects act in the material. The simulation model consists of a solar cell 
layer system with layers of silver (Ag) and a combination of semiconductors as Ge, GaAs and GaInP which adds up  
to a thickness of 150 μm. For specification purposes a 12.5 μm thick silver contact completes the model as depicted 
in Figure 1. The model size is 100 x 100 x 100 μm³. 
According to the reflectivity properties the theoretical and experimental studies are carried out in the  
UV-wavelength range where absorption of 20 % was measured experimentally. The simulation includes laser pulse 
durations of 40 nanoseconds as well as 12 picoseconds and 15 picoseconds for comparison. Repetition rates between 
40 kHz and 80 MHz and pulse energies between 50 nJ and 75 μJ are simulated at different spot diameters. The 
results offer estimation on required laser parameters, especially pulse durations, for blind welding tests as well as for 
joining a silver contact to a solar cell, which will be object of later studies. 
Figure 1. Left: layer construction, size: 100 x 100 x 100 μm³; right: exemplary simulation model 
The aim is a steady heating of the silver without ablation processes or other damages to the material. This should 
be reaslized by applying energy of short and ultra short laser pulses (wavelength 355 nm). The very high heat 
conductivity of 4.27 W/cmK [4] results in fast heat dissipation. By varying repetition rate, input energy and power 
density an estimation of the required parameters for heating up the silver to either the recrystallization temperature 
TR of approximately 400 °C or the melt temperature TM of 962 °C is achieved (TR #  0.4·TM) [5]. For a detailed 
analysis of thermal effects at varying parameters the temperature distribution is monitored in different positions. The 
most important temperature is the one at the joining interface between the silver metallisation and the silver contact. 
Additionally the temperature distribution at the surface and in the lower joining partner is mapped and assessed. 
Ge, GaAs, GaInP 6.5 μm 
Ag contact 12.5 μm 
Ag metallisation 5 μm 
Ge substrate 140 μm 
Laser beam 
irradiation zone 
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Both recrystallization and melting of the silver material are analysed. 
The laser beam is simulated as a pulsed energy input with homogeneous intensity profile. The total amount of 
absorbed energy is equal to that of a gaussian beam. No convection effects or other cooling effects were simulated. 
The model was based on a 20 °C heat sink. 
2.2. Experimental setup 
Based on the simulations experimental studies were conducted. Both blind welding tests and welding tests of two 
silver foils were carried out. According to the simulations different laser systems in the nanosecond as well as in the 
picosecond range were used. The laser beam was guided by a galvanometric-scanner and focused by an f-theta lens 
with a focal length of 108 mm on the surface of the silver foil. The first blind welding experiments were carried out 
without special clamping device. Due to the energy input thermal induced stresses cause a deformation of the thin 
foil towards the laser beam axis (upsetting mechanism [6]). Therefore a clamping device working with compressed 
air was used in following investigations to chuck the silver foil in a selected z-position as depicted in Figure 2. By 
the use of a z-translation stage different focal positions and therefore different energy densities can be realized. The 
gas pressure as well as the distance between nozzle and work piece can be adjusted. The described compressed air 
clamping device was used for the experimental studies discussed in chapters 3.2.2 - 3.2.4. 
Figure 2. Schematic of the experimental setup 
Under variation of feed rate, focal position, laser repetition rate and pulse energy three different laser systems in 
the range of nanosecond and picosecond pulse durations were used for the experiments. For blind welding tests lines 
of 10 mm length were processed and subsequently analysed by optical microscopy and SEM, both in top view and 
in cross section.  
3. Results 
3.1. FEM simulation results 
The FEM simulations show that a gradual warming of silver foils using a laser system with 355 nm wavelength is 
possible. This warming mainly depends on the number of pulses per time and the intensity of the laser. The higher 
the repetition rate, the more uniform the energy input over time. The simulation of a 40 kHz system shows that the 
input energy of one single laser pulse is nearly completely dissipated before the next pulse is introduced 25 μs later. 
Temperature fluctuations up to 1200 K at the surface and up to 200 K at the joining interface are observed (see 
Figure 3). In the repetition rate range of several MHz the observed cooling between two pulses is not significant and 
quasi-continuous heating can be achieved. Figure 3 shows the characteristic temperature profile over time for three 
different parameter sets. The diagrammed curves in (a) show the temperature distribution at the surface of the upper 
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silver contact in the centre of the interaction zone. In (b) the temperatures at the joining interface between the 12.5 
μm thick silver contact and the solar cell metallisation are depicted. The described effect of fast heat dissipation is 
clearly observable in the dotted lines (40 kHz, 40 ns) whereas the continuous (2 MHz, 12 ps) and dashed (80 MHz, 
15 ps) lines show fewer fluctuations and therefore are suitable for successive heating of the thin silver contact and 
the metallisation.  
Figure 3. Comparison between different nanosecond and picosecond laser parameters - simulation results 
A small spot diameter and thus a high energy density results in an increased temperature gradient within the 
upper silver contact. Meanwhile the heat rate at the interface stays nearly constant and is independent of the energy 
density at the surface. Additionally, a high fluence leads to ablation of the material which is unwanted. Spot sizes of 
around 20 μm - 30 μm have been found to be suitable. 
A repetition rate of 2 MHz or higher should be used for a gentle energy input as seen in the simulation results. A 
high intensity, which is highest in the calculations of the 80 MHz system (1.56·106 W/cm²) in combination with a 
low fluence (1.91·10-2 J/cm²) seem to be practical and will be used in the experimental studies.  
3.2. Experimental Results 
3.2.1. Eligibility of different laser systems 
As the thermal simulations feature simplifications in cooling effects and do not include the influence of ablation 
processes the theoretical results were evaluated by experimental studies on laser systems that lead to blind welding 
results comparable to the simulation results. Three laser systems were used covering the three calculated regions of 
repetition rates in the nano- and picosecond ranges. Table 1 shows an overview of intensity and fluence of the 
simulations and the experimental studies. The ratio between the three systems is comparable with the simulation 
results during experimental studies were conducted with lower power. A power of 0.2 to 4 Watt was applied in the 
experiments.  
Table 1. Power and energy densities used in simulations and experiment according to results in Figure 4 
 Simulation Experiment 
 Intensity 
(W/cm²) 
Fluence 
(J/cm²) 
Intensity 
(W/cm²) 
Fluence 
(J/cm²) 
40 kHz, 40 ns 45.8·104 1.15 3.06·104 7.64·10-1
2 MHz , 12 ps 1.7·105 8.49·10-2 2.26·104 1.13·10-2
80 MHz , 15 ps  1.56·106 1.91·10-2 6.52·105 8.15·10-3
(b)(a)
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An overview of the experimental blind welding tests is shown in Figure 4. The comparison of nanosecond and 
picosecond laser treatment shows material ablation and incidental damage at short and ultra short pulses with high 
pulse energies (Figure 4 (a) and (b)). The high pulse energy of 75 μJ of the ns-pulses results in a surface melting 
with a slight recrystallization of the material near to the surface. Figure 4 (b) shows that according to a pulse peak 
power of 8.3 kW the 12 ps system (2 MHz) leads to material ablation which results in a notch. In the picosecond 
range pulse energies less than 100 nJ lead to no ablation or damage while introducing a high average power, cp. 
Table 1. With an absorbed energy density per pulse of only 8 mJ/cm² and an average power density of 652 kW/cm² 
the best results are achieved with the 80 MHz system.  
Figure 4. Typical experimental results with (a): ns-pulses, (b) and (c): ps-pulses shown in SEM micrograph (cross section) 
While no cooling is applied to the material during processing the formation of a wide recrystallization zone can 
be observed in the results of the 80 MHz system. The material heats up to a temperature which leads to a 
recrystallization and a change of the microstructure (Figure 5) while no ablation or material damage occurs.  
Figure 5. SEM photographs of the transition zone between initial rolled structure and recrystallized grain boundaries. Pulse energy: 50 nJ; energy 
density: 5.6 mJ/cm²; line energy: 40 J/mm 
In the following all results are achieved using the 80 MHz laser system with the clamping device using 
compressed air. Due to a cooling by the compressed air (20 °C) the expansion of the heated and recrystallized zone 
will be less developed while a melting can be observed. 
5 μm 10 μm 
frep = 40 kHz 
tP = 40 ns 
(b) (c) 
10 μm 
(a)
EP = 75 μJ 
Fa = 0.76 J/cm²
frep = 2 MHz 
tP = 12 ps 
EP = 100 nJ 
Fa = 11 mJ/cm² 
frep = 80 MHz 
tP = 15 ps 
EP = 50 nJ 
Fa = 8 mJ/cm² 
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rolled structure recrystallized structure 
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3.2.2. Influence of energy density 
A variation of the focal position and therefore the size of interaction zone were carried out. The energy density 
varied between 3.7 mJ/cm² and 9.2 mJ/cm². The 1/e²-diameter of the laser beam was 5 mm and was focused with a 
108 mm focal length f-theta lens. The calculated spot size in the focal plane was 12 μm with a rayleigh length of 
253 μm. The variation of z-position was between -100 μm (focus in material) and +200 μm (focus above material). 
The introduced line energy (LE) was kept constant and in all cases 80 J/mm.  
Figure 6 demonstrates exemplary results with one pass processing shown in microscopic photographs in top 
view. The absorbed fluence increases with smaller spot diameter which is also stated in the picture. The higher the 
fluence the more intensive is the molten area at the surface of the thin silver foil and the more uniform is the 
processing line. In all cases a molten line is generated while no ablation can be observed. 
Figure 6. Influence of energy density processed by changing the focal position (microscopic photographs, top view) 
Due to roughness of the silver foil surface of about 3 μm the lines of fusion show irregularities if the spot is 
defocused. The best results can be observed at the highest energy density of 9.2 mJ/cm² (3rd picture in Figure 6). 
3.2.3. Influence of energy per unit length 
An analysis of the influence of absorbed energy per unit length was conducted by a variation of the feed rate. 
While focal position, number of passes and pressure of compressed air (clamping and cooling) were kept constant, 
the feed rate was varied between 500 μm/s and 10 μm/s. The line energy was between 8 J/mm and 400 J/mm. 
Figure 7 shows the results by microscopic analysis in top view. It is visible that line energies lower than 40 J/mm 
cause a marginal melting which leads to the conclusion that there is neither a recrystallization nor a melting in lower 
layers. In case of 400 J/mm, which was achieved at a feed rate of 10 μm/s, irregularities at the material surface lead 
to sporadic strong weld penetration effects which are exemplary shown in Figure 7 (left). At absorbed line energy of 
80 J/mm the result shows a homogeneous fusion line (in top view) without irregularities and is therefore suitable for 
a uniform energy input. 
Figure 7. Influence of applied line energy achieved at different feed rates (microscopic photographs, top view) 
LE = 400 J/mm LE = 80 J/mm 
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Fa = 3.7 mJ/cm² 
zfoc = +100 μm 
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3.2.4. Influence of passes 
In this section studies on the impact of the number of passes and therefore single to multiple treatments were 
analyzed. The number of passes varied between one and five. The results were analyzed in top view (microscope) 
and in cross section by SEM.  
Figure 8 shows the formation of molten lines at different number of passes at an energy density of 80 J/mm. The 
occurrence of the molten line strengthens with the number of passes. Due to the fact that the material cools down 
completely between two passes (calculated cool down time < 2 ms) a modification of the surface in terms of higher 
absorption or a better coupling can be assumed.  
Figure 8. Microscopic photographs of the formation of molten area at the surface of the processed material (top view) 
Analyses of the dimension of the molten area into lower layers of the thin silver foil are depicted in Figure 9. The 
pictures show the same results in SEM cross section view as shown in Figure 8. The molten material which is 
visible in top view pictures can be identified as notch at the upper edge of the cross section pictures. In case of one 
and two passes no clear expansion of the molten material at the surface can be observed. At three passes a slight 
enlargement of the recrystallized zone and thus the region of partial melting into the material begins. This develops 
in a linear way while the depth of molten area is 2 μm at three passes, 5 μm at four passes and 8 μm in case of five 
passes. This is marked by dashed curves in Figure 9. 
By extrapolation of this interrelation 7 passes should lead to a melting zone through the complete depth of the 
upper silver contact and thus lead to a welding process of the solar cell layer system. 
Figure 9. SEM photographs of the formation of molten zone at different number of passes (etched, cross section) 
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4. Discussion and conclusion 
The usability of laser based joining of thin silver foils with a thickness of 12.5 μm by low energy ultra short laser 
pulses was demonstrated. Thermal FEM simulations and experimental studies were used to evaluate the eligibility of 
short and ultra short pulsed laser systems for this purpose. Pulse durations of picoseconds at high repetition rates 
(80 MHz) in the UV wavelength range show the best results in terms of smooth heating of the material without 
ablation processes. Lower repetition rates lead to heat dissipation between two pulses while high pulse energies 
cause ablation and material damage. As a conclusion a very low absorbed fluence in the dimension of 10-3 J/cm² at a 
high intensity in the range of 105 W/cm² allow an effective energy input. 
Without cooling device the lateral expansion of the recrystallized zone mainly depends on the energy input per 
unit length and equals approximately 25 μm at 4 J/mm energy input. Due to the very high thermal conductivity of 
silver (kAg = 4.27 W/cmK) lower layers of the system will heat up to a temperature which is, as simulation results 
show, approximately 50 K lower than the temperature in the joining interface. This could result in a damage of the 
electrical layers of the solar cell where a maximum temperature of 700 °C is exceeded. Under the condition of a 
technical zero gap between the two joint partners a junction by recrystallization can be expected. 
Additionally to the described joining procedure by recrystallization another possibility for joining thin foils was 
determined. A conventional joining process by melting the material can also be achieved using ultra short laser 
pulses in the UV wavelength range. This requires much more energy input in comparison to joining by 
recrystallization. For protecting the lower layers from heating up to the damage temperature of 700 °C a cooling 
must be applied to the process. By cooling the material during laser irradiation using compressed air a melting of the 
silver can be realized. The dimension of the heat affected zone can be minimized compared to a processing without 
cooling. A local heating without damage of lower layers could be achieved in this way. The result is a complete 
rejection of a recrystallization of surrounding material while a weld pool is formed. With this technique joining of 
very thin silver foils under the condition of a technical zero gap seems to be possible. 
The investigations show that a multiple pass treatment causes a surface modification in terms of higher 
absorption. The occurrence of the molten line strengthens with the number of passes. A gentle heating of high 
reflective material can be realized by this technique. By applying a cooling system, a fusion welding process at thin 
metallic foils can be realized. 
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